This chapter covers the fundamental principles and current applications of Fourier transform (FT) infrared and Fourier transform
Raman spectrometers, which, used in conjunction with the fast Fourier transform (FT) algorithms, are key instruments in modern vibrational spec troscopy. This chapter will first review the fundamental principles that govern infrared and Raman activity and then discuss the principles and applications of FT detection in vibrational spectroscopy.
Infrared and Raman Processes
The normal modes of vibration of any molecule can be divided into three classes. Some modes may be observed in the Raman spectrum, some in the infrared, and some may not be seen in either spectrum. For a molecule that possesses a high degree of symmetry, the rule of mutual exclusion states that no vibrational mode may be observed in both the infrared and Raman spectra. This high symmetry is defined by a center of inversion operation. As the symmetry is reduced, and the molecule no longer contains a center of inversion, some vibrational modes may be seen in both the infrared and in the Raman spectra. However, the mode will often have quite different intensity in the two spectra. The quantum mechanical selection rules state that observation of a vibrational mode in the infrared spectrum requires a change in dipole moment during the vibration. In other words, the vibration is infrared active if the following condition is fulfilled:
[μ]^» Φ f «Μρβ)μ<Μρ.) dça (ι) where [μ]υ'y is the dipole moment in the electronic ground state; Φ is the vibrational eigenfunction; v' and υ" are the vibrational quantum numbers before and after transition, respectively; and Ça is the normal coordinate of the vibration (I).
Infrared spectroscopy is based on an absorption process and involves measuring the amount of energy that passes through or is reflected off a sample and comparing this amount to that transmitted or reflected from a perfect transmitter or reflector, respectively. The plot of the relative transmit ted or reflected energy as a function of energy is an infrared spectrum. In recent years, this old spectroscopic method has diverged into two apparently different approaches to measuring the infrared spectrum; one uses dispersive optics, and the second uses an interferometric technique. The interferometric approach, combined with fast Fourier transform algorithms, provides several distinct advantages including higher resolution, higher energy throughput, and better precision, and hence the technique called Fourier transform infrared spectroscopy had dominated the field.
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tion is fulfilled:
[«],.."-* fiAQ^AQJdQ* (2) Here, [a] is the polarizability tensor of the vibration and the remaining parameters are the same as for the infrared activity (eq 1) (1) (2) (3) (4) (5) (6) . These apparent differences in the principles governing both effects have led to the development of two physically distinct experimental approaches to obtain infrared and Raman spectra. The molecular information obtained in one experiment complements the other.
As indicated in equation 2, the detection of Raman scattering involves a completely different set of problems and is based on entirely different experimental principles. When monochromatic radiation of frequency vQ strikes a transparent sample, the light is scattered. Most of this scattered light consists of radiation at the frequency of the incident fight but differs in the direction of propagation and polarization state. This portion of the light is called Raleigh scattering. However, approximately 1 out of 10 6 photons that impinge upon the sample can be inelastically scattered, and this portion of the scattered light is called Raman scattering. This inelastically scattered fraction of the light is composed of new modified frequencies (vQ ± vk), where (vQ -vk) is referred to as Stokes scattering, and (vQ + vk) is antiStokes scattering. Figure 1 illustrates a schematic representation of the absorption and scattering processes leading to infrared and Raman spectra. The energy level diagram shows that the anti-Stokes scattering requires that the molecule start in an excited vibrational state. The only means of populat ing these excited vibrational states is thermally; therefore, the anti-Stokes intensities will be very temperature dependent and normally quite weak at room temperature. If the anti-Stokes scattering can be observed, the sample temperature can be determined by the ratio of the Stokes to anti-Stokes intensities.
The selection rules for Raman scattering allow only those transitions to be detected for which one of the elements of the polarizibility tensor [a]Ay, or a combination thereof, belongs to a species of the point group to which the normal coordinate Qd also belongs. However, the induced dipole moment M of the ground state of a molecule is not only proportional to the strength of electric field E, but also depends on nonlinear terms, such as hyperpolarizibility β:
Although simple calculations show that the hyperpolarizibility β is typically one million times smaller than α, in some situations β and Qd can transform identically, whereas α does not. Under these circumstances, some vibrations 
where IQ is the laser field intensity and c is the speed of fight. This process, just like the infrared absorption, is considered to be a linear process because the scattering intensity IR is proportional to the incident laser intensity IQ. Under certain experimental conditions, however, nonlinear processes are also possible. If, instead of one quantum of energy v0, two quanta of incident laser beam 2vQ are employed in a pulse sequence, they may give rise to a two-photon absorption process. As a result of perturbation of the induced dipole moment of a molecule, a nonlinear optical process called hyper-Raman scattering (HRS) (7) can be induced. It produces a (2vG 4-vk) shift with the intensity JHR proportional to the square of molecular hyperpolarizibility β derivative with respect to the vibrational normal coordinates:
Although the first observation of HRS was made well over 20 years ago (6), HRS had been used only occasionally in chemical application (8) (9) (10) , and only recently its use was demonstrated in the surface-enhanced hyperRaman effect (11) . In spite of the fact that the HRS process is 10 6 weaker than already weak Raman scattering, its attractiveness comes from the differences in selection rules. Special importance of the HRS lies in the fact that many fundamental frequencies inactive in both infrared and Raman may happen to be active in HRS. One of the most illustrative examples is benzene, where no less than six frequencies are active in hyper-Raman only, which can be distributed as 2Blu + 2B2u + 2E2u normal vibrational mode representation (12) . Another example is the simple SF6-type octahedral (Oh) molecule, which possesses a triply degenerate frequency in F2u which is hyper-Raman active, and inactive in both infrared and Raman. In spite of many attractive features, the use of hyper-Raman for polymer analysis is still yet to be explored and should open new avenues for the future.
Dispersive and Interferometric Detection
The limitations on sensitivity and detection limits imposed by dispersive infrared instruments in the past led to the development of Fourier transform in comparison to a scanning, single-channel dispersive experiment, all of the light is being used rather than a very small fraction (the light passed by the slits of a monochromator), and this feature resulted in the selectivity and sensitivity enhancement of the surface techniques.
The high sensitivity of interferometric instruments has in turn brought about the development of new sensitive spectroscopic probes and enhanced the existing ones. The sensitivity enhancements of attenuated total re flectance (ATR), reflection-absorption (R-A), and further developments of diffuse reflectance (DRIFT), emission, photoacoustic, photothermal beam deflection, or surface electromagnetic wave (SEW) spectroscopies are primar ily attributed to the enhanced sensitivity of the FT instruments. A schematic diagram of each technique along with a brief description is given in Figure 3 . Because many of the presented techniques are capable of surface-depth profiling, Table I provides the approximate depth-penetration ranges, and other characteristics for the surface techniques are illustrated in Figure 3 .
In spite of the fact that the step-scan interferometry has been well documented in the past (15, 16) , only recently has the coupling between dynamic FTIR and step-scan interferometer been documented (17) . In an ordinary, continuous FT operation, a movement of the Michelson interferom eter mirror modulates each IR wavelength at the Fourier domain frequency,
where υ is the mirror velocity of the Michelson interferometer and λ is the wavelength of IR light. The step-scan mode of detection uses the same moving mirror, but the mirror moves in steps, and upon completion of each step the mirror stops and data are collected. Although the mirror may move slightly during the data collection, the most recent designs provide a fixed mirror position. The utility of such step-scan interferometry was ex tended to two-dimensional infrared spectroscopy, earlier introduced by Noda (18, 19) , and photoacoustic depth profiling of polymer laminates (20) . In the recent studies (21) the phase photoacoustic signal analysis, which gives a constant thermal diffusion length across the photoacoustic spectrum, was examined. As opposed to the continuous FT scanning interferometer, such an approach makes the surface depth of penetration at all wave numbers the same and thus makes surface-depth profiling analysis of polymers simpler. This condition is not true for the spectra obtained with the modulation frequency variations.
In Raman spectroscopy, the situation is quite different. This difference lies in the nature of a nonresonant versus a resonant process. In the Raman scattering experiment, only a small fraction of the incident photons are inelastically scattered with a change in energy. Thus they contain information about the normal modes of vibration of the molecule, roughly one in a million. Because these incident photons can also participate in other photophysical processes such as absorption and fluorescence, often unavoidable interference in a form of fluorescence may result. shifted into the near-infrared region of the spectrum, the incident photons may not have enough energy to exceed the threshold for absorption. This condition can be ensured by designing a Raman experiment using a longwavelength near-infrared laser. As a result, a Raman spectrum that is relatively free from fluorescence interference can be produced, although difficulty arises from the poor sensitivity of conventional near-infrared spec trometers. As a matter of fact, the first such experiments, which were conducted by Chantry et al. (22) in the 1960s, showed that Raman scattering due to iodine in carbon tetrachloride can be achieved with infrared excitation and an interferometer. Although the quality of the spectra and resolution left much to be desired, this was the first reported study in the infrared region.
However, good shot-noise-limited detectors available in the visible region are no longer operative beyond 1 μιη. To compensate for the poor detector performance, an obvious instrument to employ is an interferometer, which has a large multiplex advantage when operated in a detector-noise-limited experiment.
As already stated, to induce fluorescence-free Raman scattering, mono 
FTIR Spectroscopy in Polymer Analysis
An immense amount of literature deals with the analysis of polymer mi crostructures and characterization of polymers using both dispersive and interferometric infrared spectroscopy. As a matter of fact, characterization of various polymer functional groups through analysis of their vibrational group frequencies of individual polymers is a routine analytical task. The analysis of more subtle microstructural differences and changes within the same poly mer using infrared spectroscopy may provide such information as determina tion of distribution of copolymerized units in polymer chains, determination of sequence length, configurational and conformational isomerisms, chain branching, end-group analysis, hydrogen bonding, chain order and crystallinity, chain folding, and molecular orientations. The enhanced signal-tonoise ratio available through the use of interferometry has resulted in an extensive amount of work in the infrared and Raman spectroscopy of poly mers. Both the theory of vibrational spectroscopy and its applications to polymeric systems have been treated by many useful monographs (25) (26) (27) .
We focus on polymer analysis, which would be difficult without interferomet ric detection.
One of the rules of thumb in vibrational spectroscopy is that the fewer the bands, the more ordered the structures are expected. An example is the FTIR spectrum of polyethylene shown in Figure 7 , trace A. In essence, it consists of three regions of fundamental vibrations, due to C-H stretching (3000 cm" 1 ), bending (1400-1500 cm" 1 ), and wagging (700-800 cm" 1 )
normal modes of the CH2 and CH3 units. By following the 3n -6 formula The sensitivity of FT detection can be advantageous when it comes to the detection of a small number of the structural defects compared to a total number of the main species in a polymer. One of the illustrative examples is chain folding in polyethylene, in which concentration of the CH2 units involved in folding is significantly smaller than the remaining CH2 units. Whereas theoretical foundations of infrared band intensities in polymers with and without chain folding were addressed and carefully executed by Abbate et al. (28) , experimental studies were possible when model compounds became available. As was predicted by Abbate et al. and confirmed experi mentally, the C-H bending modes due to CH2 units at the fold point will absorb in the 1300-1400-em -1 region. By taking integrated intensity of the defect band or bands in the 1300-1400-cm ~1 region, and ratioing it to the defect-free C-H bending modes at 1460 and 1470 cm -1 , a calibration plot can be made between this intensity ratio and a total number of carbons in the model compounds. With such a correlation, the unknown polyethylene sample can be analyzed. Figure 8 depicts a calibration plot obtained using model C14H28, C15H30, C16H32, C72H144, C96H196, and C168H334 com pounds (29) . The low-density polyethylene film sample is also marked on Figure 8 and appears to contain approximately 90 CH2 units between each chain folding.
Because of preferential orientation of polymer chains, usually induced by processing, transmission infrared measurements of polymer films often ex hibit a certain degree of anisotropy. This anisotropy is reflected in a higher concentration of normal vibrations in the polymer film plane perpendicular to the direction of the incident beam. If the incident light is polarized parallel to the transition moment responsible for IR activity, the intensity of such transition will be at maximum, provided that the transition is allowed by IR selection rules. When the same electric vector is perpendicular to the transition, the transition will not be seen in the IR spectrum because absorption of IR radiation is not only dependent upon the selection rules and concentration, but also on the transition moment orientation. This issue is particularly important in polymer films because on drawing, polymer chains may become oriented in a draw direction. For various practical reasons such orientations are often desirable; in particular, the orientation of polymer chains perpendicular to a draw direction is important because it may affect not only surface morphological properties, but also relaxation behavior, dimensional stability, and others.
Although in the past IR spectroscopy was extensively used to determine orientation of the polymer chains through dichroic ratio calculations 1 in oriented polymer systems (30) (31) (32) (33) (34) (35) , only recently the issue of surface crys- tallinity has been addressed (36) . According to these studies, using direct intensity measurements of strong bands due to CH2 bending and rocking normal vibrations obtained in ATR, the crystallinity content at the surface is higher than that of the bulk of polymer. However, the analytical approach used in these studies did not account for the surface optical effects, which can often cause distortions of intense ATR bands. When this possibility is taken into account using Kramers-Kronig transformation (KKT) and FrensePs relationships for parallel and perpendicular orientations (37) (38) (39) , it appears that the crystallinity content near the surface may be different (40) . Figure 9 illustrates the CH2 bending modes at 1474 (a) and 1464 (b) cm" 1 plotted as a function of the penetration depth at 720 cm -1 in Figure 10 , A and B, and are compared to the corresponding ATR measurements shown in Figure 10 , A' and B\ Plot A of Figure 10 shows that within a given range of the penetration depths, the dichroic ratio of the 730-cm _1 band changes slightly but oscillates around unity. Because the transition-moment vector of this band coincides with the orthorhombic unit cell a axis, these results indicate that the a axis is either randomly oriented along the film plane or preferentially oriented perpendicular to the film plane direction. In contrast, plot A' indicates that the dichroic ratios of this band measured from the transition spectra are much greater, reaching almost 1.4 values. These obser vations suggest that, in the core of the film, the a axis is predominantly oriented along the film draw direction. Similar results for ATR measurements are illustrated by curves Β and B' in Figure 10 .
The use of dichroic and trichroic ratios to determine polymer orientation provides an additional dimension to the polarization experiments and was demonstrated in the past. For example, the three-dimensional technique is based on a sample tilting with respect to the incident polarized radiation. In recent studies, Fina and Koenig (44, 46, 47) extended previous trichroic measurements by establishing the effect of refractive index dispersion and determination of the limiting factors. The trichroic ratio technique was applied to poly (ethylene terephthalate) (PET) films to calculate the trichroic absorption on one-way drawn PET films and to establish the distribution of vibrational modes in the plane transverse to the draw direction. For example, Figure 11 illustrates the calculated thickness direction spectrum along with parallel and perpendicular experimental spectra of PET. On the basis of these measurements, the morphological model of one-way drawn PET was pro posed.
Hydrogen bonding in polymers has been of interest for quite a while. Coleman and co-workers (48, 49) initiated spectroscopic studies on the compatibility of polymer blends in which hydrogen bonding was a key player because its strength and concentration significantly affected compatibility of two polymers. Carbonyl stretching vibrations have proven to be a straightfor ward quantitative probe of molecular mixing for such blend systems as poly (4-vinylphenol)-poly (vinyl acetate) (PVPh-PVAc), polyethylenepoly(vinyl acetate) (PE-PVAc), and polyacetones. For the ethylene-vinyl acetate (EVA) blends, carbonyl normal stretching vibrations were employed as a probe of molecular mixing and showed high sensitivity of this band to intermolecular mixing. Because the strength of intermolecular interactions through hydrogen bonding is also affected by a kinetic energy of the system, simultaneously heating and cooling the sample during infrared measurements provides a means of determining the strength of the interactions and miscibility of polymers. For example, Figure 12 illustrates a series of FTIR transmis sion spectra recorded during a heating cycle of 80-20% (w/w) resol-EVA blend and shows that with increasing temperature the amount of hydrogenbonded carbonyl groups decreases. This effect is demonstrated by vanishing intensities of the band at 1710 cm -1 at the expense of the increasing free carbonyl band at 1735 cm -1 .
Elastomeric polymer networks are often prepared from oligomeric molecules by chemically joining prepolymer chains in a fairly random fashion. FTIR spectroscopy has been used in various polymeric studies, but the detection of network structures that develop during cross-linking has often been limited because a relatively small number of bonds forms, compared to the total number of bonds present in the system. Although under such circumstances photoacoustic FTIR detection described in this book might be a useful alternative and, in many cases, a more sensitive approach, recent transmission FTIR studies of polyester-styrene (PEs~S) cross-Hnking have shown that a fraction of styrene (S) monomer homopolymerizes to form the network consisting of S-PEs and PS-PEs branches (50) . Furthermore, the homopolymerization process results in atactic polystyrene (PS), which forms physical cross-Hnking along with the chemical reactions between C=C bonds of PEs and S. This process is demonstrated in Figure 13 , which compares FTIR transmission spectra of isotactic, syndiotactic, and atactic stereoisomers with the S-PEs cured film spectrum. Clearly, the 760-cm -1 band due to the C-H bending out-of-plane normal vibrations of the phenyl groups in spectra C and D is the same in both spectra. Other spectral regions also confirm the presence of atactic polystyrene. These studies are in contrast to the previous electron microscopy studies, which assumed polyester gel formation upon cross-linking and neglected the possibility of styrene homopolymerization. Wavenumbers (cm-1)
Figure 13. Transmission FTIR spectra of isotactic PS (A), syndiotactic PS (B), atactic PS (C), and styrene-polyester (D). (Reproduced with permission from reference 50. Copyright 1991 Butterworth.)
FT Raman Spectroscopy in Polymer Analysis
As indicated in the introduction, the primary motivation for the development of FT Raman spectroscopy is the minimization of background fluorescence. Once this step is accomplished, FT Raman spectroscopy can be utilized fully not only for the analysis of polymer structures, but also in monitoring their formation. This use is particularly important when the band-intensity changes due to totally symmetric vibrations (for example, C=C stretching) can be used as a measure of certain processes. To illustrate this use, Figure 14 shows the spectra of methyl methacrylate polymerization done in the presence of a highly fluorescent diazo initiator (B. Chase, private communication). The loss of double-bond intensity is clearly seen after 4 h of reaction. Figure 15 shows the intensity of the C=C band normalized to the intensity of the C-CH3 deformation. This normalization is required because the scattering power of the reacting solution changes with time and such change must be normalized out in order to observe the true loss in intensity due to reaction. Rapid data acquistion as well as ease of sample handling make FT Raman spectroscopy an ideal tool for the study of such reacting systems. The advantage of no sample preparation and the nondestructive nature of measurements place FT Raman and photoacoustic FTIR measurements in a similar sampling cate gory; namely, in both cases minimal sample preparation is required. Because of that feature, the analysis of polyurethane-and polyurea-based forms as well as advanced composites (51) was possible using FT Raman spectroscopy.
Polyamides, commercially known as nylons, are synthesized by a self-condensation polymerization process to form -[-NH-CO-(CH)n]-, where η usually ranges from 3 to 12 (52, 53) . The behavior of secondary amide groups is well known (54) , but the length of the CH sequence introduces an additional dimension to the properties of nylons, because the CH2 sequence may have a different degree of crystalhnity in the different stereoisomer structures (55) . FT Raman spectroscopy was used (56) to confirm previous spectroscopic findings on nylon fibers and illustrated that indeed FT Raman spectroscopy can produce fluorescence-free Raman spectra. Typical spectra of nylon-6,6 and nylon-6,12 are shown in Figure 16 . identification of all spectroscopic features, the presence of higher content of CH2 groups is reflected in th increased intensity of the C-H stretching bands around 3000 cm -1 and relatively weak bands due to the C-O stretching bands at 1500 cm" 1 . This content will certainly reflect the proper ties of both polymers.
Many commercial polymers contain additives, such as chain terminators, antioxidants, and UV absorbers, and therefore the fluorescence problem is often quite severe in such "less than pure" systems. In the past this problem has inhibited the use of Raman techniques for the study of such systems. The near-infrared (NIR) approach to Raman spectroscopy has permitted the study of such systems. Another polymeric system that is of current interest in many fields is the polyimides. These materials are finding applications in compos ites and electronic materials. The high level of fluorescence encountered in these materials has made Raman spectroscopy impossible.
Because of its nondestructive nature, FT Raman spectroscopy can be used for many sampling situations that do not permit sample modifications or in situ studies. In the first category, FT Raman spectroscopy was used in the analysis of forest products (57) . The representative FT Raman spectra of redwood (soft wood) and oak (hard wood) are shown in Figure 17 . The band at 1269 cm -1 in trace Β is attributed to rosin (58), a characteristic compo nent of soft woods. These studies showed that it is possible not only to differentiate between hard and soft woods, but the degree of hardness can be assessed by monitoring the intensity changes of the 1269-cm -1 band. Previ ous methods required the use of destructive extraction techniques. In the second category, when sampling situations do not permit in situ studies, an illustrative example is the analysis of reaction-injection-molded (RIM) polyurethanes (59) shown in Figure 18 . The absence of fluorescence enabled a comparison of FT Raman polyurethane spectra that contain different hard-to-soft-segment ratios. The bands at 2974 cm -1 (CH3 stretch), 2936 and 2876 cm" 1 (CH2 stretch), and 1456 cm" 1 (CH2 bend) are attributed to soft segments consisting of polyethylene oxide and polypropylene. Other bands at 640, 900, 1184, and 1617 cm" 1 are due to aromatic rings of hard segments, those at 1712 cm" 1 are due to carbonyl groups, and those at 1523 cm" 1 are due to amide I.
When the Raman effect was recognized as a useful tool for studying biological systems, it was quickly realized that the band intensities were often too weak to be used for analysis. As a matter of fact, under many circum stances the bands due to solvent molecules would be the only spectral feature detected (unless weakly scattering water was a solvent). The situation changed very quickly when resonance Raman (60) was brought up as one of the alternatives (61) (62) (63) .
In this case, when the electronic band would match with the excitation laser fine and a given transition was vibronically allowed, a strong band enhancement would be observed. Because many biologically active molecules or their models exhibit electronic transitions in ultraviolet- visible (UV-vis) region, Raman bands recorded by using the UV-vis excita tion laser line can be enhanced. However, when the sample or impurities in the sample induce strong fluorescence, even resonance Raman conditions cannot help. Because the near-IR excitation line is used to produce FT Raman spectra, leaving fluorescence behind in the UV-vis region, FT Raman measurements may be an attractive alternative for biological studies. A useful application of this technique was recently reported on photoactive proteins, in which the photoability limits the laser power used to generate resonance excitation in the UV-vis region (64) . An interesting feature found in these studies was that the spectrum of bactriorhodopsin is dominated by a nonresonant Raman scattering component due to the protein-bound pigment retinal, whereas the dominating features in the reaction centers are bacteriopheophylin, bacteriochlorophyll, and carotenoids. Furthermore, the relative band resce and thus give rise to undesirable background that usually prohibits measurement of a detectable Raman signal. For these reasons, FT Raman spectroscopy was chosen to study membrane structures, specifically as a sensitive probe of molecular fluidity manifested in a form of rotational isomerism of the hydrocarbons in phospholipid membrane components (66) . In another study (67) , the same authors further enhanced the FT advantage to ehromophoric species and utilized 90° scattering, which appears to pro duce results similar to those obtained with 180° geometry.
The use of ordinary Raman spectroscopy of biological systems has been extensive (68) . In an effort to elucidate molecular-level mechanisms responsi ble for interactions between drugs and membranes, Lewis et al. by trace A of Figure 19 gives only fluorescence background, whereas FT Raman measurements shown in trace Β provide a good signal-to-noise ratio Raman spectrum. The effect of poly(L-alanine) sequence lengths on struc tural properties was examined by using FT Raman spectroscopy (71). In contrast to the previous studies (72) , shorter oligomers do not exhibit β-sheet secondary structures, but contain a significant amount of α-helix. Apparently, the presence of strong bands at 440 and 240 cm -1 is responsible for β structures that are found in oligopolypeptides containing 10 poly(L-alanine) units, and the species with 40 units have characteristic bands at 375, 335, and 120 cm -1 attributed to the α-helical conformers (73) . Because the Co-C bond in photolabile methylcoenzyme Β plays a key role in many biological processes, the determination of its strength was of primary importance (74) . Studies using FT Raman spectroscopy showed that the Co-C vibrational frequency is at 500 cm" -1 for methylcobalamin. This assignment was con firmed by detection of the band at 470 cm -1 due to Co-C stretch in deuterated methylcobalamin (75) . In other studies, Sommer and Katon (76) addressed the issue of Rayleigh rejection and spatial resolution with several examples of polyamide (Kevlar) and wood fibers.
The problem of thin-film analysis by Raman spectroscopy is basically one of sensitivity. The scattering volume is quite low in a thin film, and when the scattering cross section is reduced by going to the near-IR, detection of the small number of scattered photons becomes extremely difficult. Either the scattering volume must be increased or the cross section increased. Two alternatives exist for increasing the cross section: resonance Raman and surface-enhanced Raman spectroscopy. Resonance excitation requires an electronic absorption near the laser frequency. Although the move to the near-IR region was prompted by moving away from electronic absorption bands with a premise that it is not likely to find systems with near-IR excitations, in some cases the presence of absorption bands may be advanta geous. For example, macrocyclic phthalocyanines and their polymeric coun terparts have electronic transition bands in the near-IR region, and the only possibility of obtaining IR and Raman spectra is to use photoacoustic FTIR and FT Raman spectroscopy, respectively (77) (78) (79) . Surface-enhanced Raman spectroscopy (SERS) has been shown to exist with near-IR excitation. In fact, the enhancement factors for gold and copper are larger in the near-IR than in the visible region. SERS has also been used extensively to understand molecular mechanisms relevant to adhesion of polymers and polymer-metal interactions. The major contributions in this area are obviously credited to Boerio and co-workers (80) (81) (82) (83) (84) , who successfully established the effect of substrates on various metal-polymer chemical reactions. With the use of FT Raman, SERS may become an even more powerful approach to the analysis of polymers. Although local electromagnetic effects on rough Ag, Au, or Cu surfaces can enhance the Raman scattering signal from monolayers up to 10 6 stronger (85), the enhanced near-IR excited SERS spectra were reported to be 10 5 -10 6 stronger than a normal Raman spectrum for pyridine (86 
FTIR and FT Raman Microscopy: Remote Measurements
Continually increasing demand for in situ and remote measurements of various chemical processes presents new opportunities for both FT vibra tional spectroscopies. In many sampling situations the amount of sample is limited and thus does not permit the use of common modes of detection. Although a spectral collection using a microscope involves the same measure ments, the difference is the necessity to use focused light to a desired diameter. Such applications require the use of a focusing apparatus, which narrows the incident beam to a diameter of the transmitting fiber optics and applies such modified light to a sample of interest. Although focusing can be also accomplished with a focusing microscope objective, the spatial resolu tions for IR and Raman measurements vary substantially. For example, it is impossible to obtain IR spectra of objects smaller than 6-10 μπι because of interference limits, as the diameter of the aperture begins to match the wavelength of IR light. The situation is different in Raman microscopy if visible light is the excitation source and a commonly accepted 1-3 μ m spatial resolution is expected. The use of FTIR microscopy to view and record IR spectra of Kevlar fibers (87) and polymer laminates (88) has been reported.
As an example, Figure 20 illustrates a series of FTIR spectra recorded from the cross section of the multilayer polymer sample. FT Raman measurements have also been demonstrated (89), although further modifications are war ranted. As another example, Figure 21 illustrates optical arrangements re quired to obtain FT Raman spectra. With this approach, good quality FT Raman spectra of 12-μπι thick Kevlar fibers, as well as other polymers, have been shown (D. B. Chase, private communication).
Once the feasibility of FTIR and FT Raman microscopy was demon strated, a fiber-optic probe was developed (90, 91) . Figure 22 illustrates the principle of fiber-optic arrangements for FT Raman experiments. In this system, a single fiber at the center is used to deliver the laser light to the sample. This single fiber is surrounded by 18 collecting fibers, which, upon collection of scattered light, send the scattered light to the interferometer. Although a primary limitation in the mid-FTIR range is still limited through put of the fiber optics, FTIR fiber-optic measurements have received quite a bit of attention in the near-IR region. Archibald et al. (92) demonstrated remote near-IR reflectance measurements with the use of a pair of optical fibers and a FT spectrometer. Remote FT Raman measurements using near-IR have been also shown (93).
Summary and Conclusions
The primary objective of this chapter was to identify and outline the fun damental principles and selected applications of FT vibrational spectroscopy for polymer analysis that are not covered in the remaining chapters of this book. Although the advantages of the Fourier transform techniques are very powerful, new developments in Hadamard transform spectroscopy or redis covery of step-scan mode interferometry and coupling it to a dynamic, along with a rapid-scan FTIR spectrometer, make the field of polymer vibrational spectroscopy appealing not only to those who are engaged in designing new instruments, but also to those involved in structural and quantitative studies of polymers. Although the advantages of using the near-IR excitation and interferometric approach in the FT Raman experiment have been well documented, and new developments leading to a better signal-to-noise ratio are expected to occur, continuous developments are reported in dispersive Raman spec troscopy. The main disadvantage of the FT method comes from an incom plete rejection of the Rayleigh line in the near-IR region, resulting in a reduced overall signal-to-noise ratio and in the low-frequency region loss. Although the use of Chevron 2 filters may improve FT detection (94), the use 2 Chevron filter consists of four mirrors in the following configuration. They can be purchased from the Omega Optical Co. Brattleboro, VT. of near-IR excitation (95) and multichannel detectors for wavelengths shorter than 1 μπι is possible (96, 97) . With the continually increasing computer capabilities, data processing, and information theories, two-and three-dimensional experiments both in IR and Raman techniques will become fairly common. The instruments will become even faster and allow monitoring processes not observable. 
